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High-Tc Superconductivity with Tc = 52 K under Antiferromagnetic Order in
Five-layered Cuprate Ba2Ca4Cu5O10(F,O)2 with TN = 175 K:
19F- and Cu-NMR
Studies
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We report on the observation of high-Tc superconductivity (SC) emerging with the back-
ground of an antiferromagnetic (AFM) order in the five-layered cuprate Ba2Ca4Cu5O10(F,O)2
through 19F-NMR and zero-field Cu-NMR studies. The measurements of spectrum and nuclear
spin-lattice relaxation rates 19(1/T1) of
19F-NMR give convincing evidence for the AFM order
taking place below TN = 175 K and for the onset of SC below Tc = 52 K, hence both coexisting.
The zero-field Cu-NMR study has revealed that AFM moments at Cu sites are 0.14 µB at outer
CuO2 layers and 0.20 µB at inner ones. We remark that an intimate coupling exists between
the AFM state and the SC order parameter below Tc = 52 K; the spin alignment in the AFM
state is presumably changed in the SC-AFM mixed state.
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Since the discovery of high-Tc superconductivity
(HTSC), one of the most challenging issues in con-
densed matter physics has been to clarify the mecha-
nism by which it is induced. In the phase diagrams of
HTSC with doping, a long-standing problem is the in-
terplay between HTSC and antiferromagnetism (AFM)
from both experimental1–12) and theoretical13–28) points
of view. In extensive researches on underdoped regimes,
the persistence of magnetic moments has been reported
even in the SC phases in La2−xSrxCuO4 (LSCO) and
YBa2Cu3O6+y (YBCO). In fact, Sidis et al. reported
that a commensurate AFM order in YBCO6.5 with Tc
= 55 K may take place on a nanosecond time scale.5) On
the other hand, in multilayered cuprates such as five-
layered compounds HgBa2Ca4Cu5O12+δ (Hg-1245)
29)
and four-layered ones Ba2Ca3Cu4O8(F,O)2,
30) we have
demonstrated that HTSC uniformly coexists with a com-
pletely static AFM order on a single CuO2 plane. It is
important to address characteristics of AFM order below
the ordering temperature TN and below Tc in order to
highlight how the onset of SC affects an AFM state.
In this letter, we report 19F-NMR and zero-field Cu-
NMR studies on an underdoped five-layered compound
Ba2Ca4Cu5O10(F,O)2 with Tc = 52 K. The present NMR
studies reveal that AFM order takes place below TN =
175 K with AFM moments MAFM (OP) ∼ 0.14 µB at
OP and MAFM (IP) ∼ 0.20 µB at IP. We demonstrate
that the onset of the SC order parameter below Tc =
52 K brings about an intimate coupling with the AFM
moments.
The polycrystalline powder sample of five-layered
Ba2Ca4Cu5O10(F,O)2 (0245F) was prepared by a high-
pressure synthesis technique.31) The nominal compo-
sition of the sample used in this study is nearly
Ba2Ca4Cu5O10F2, although it is difficult to precisely de-
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Fig. 1. (color online) (a) Crystal structure of
Ba2Ca4Cu5O10(F,O)2. There are two kinds of CuO2 lay-
ers: outer planes (OPs) and inner ones (IPs). (b) Zero-field
Cu-NMR spectra at T = 1.5 K. In the spectra, 63Cu and 65Cu
are not resolved due to the poor frequency resolution that is
related to a week signal-noise ratio. Therefore, each spectrum for
OP and IP is temtatively represented as a single Lorentzian. (c)
NQR spectra for three-layered compound Ba2Ca2Cu3O6(F,O)2
with Tc = 120 K. Dashed lines denote NQR frequencies for OP
and IP.
termine the actual fraction of F1− and O2− at apical
sites.32, 33) Figure 1(a) illustrates the crystal structure
of 0245F with two kinds of CuO2 planes: outer planes
(OPs) and inner ones (IPs). The superconducting transi-
tion temperature Tc = 52 K was uniquely determined by
the onset of SC diamagnetism measured by a dc SQUID
magnetometer. In the multilayered systems with apical-
fluorine (F), an increase in the nominal fraction of oxy-
1
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gen O2− at apical-F sites increases the hole doping level
and hence Tc.
31) The respective hole doping levels at OP
and IP are estimated to be p(OP) ∼ 0.06-0.07 and p(IP)
∼ 0.04-0.05 from the measurement of the spin part of
the Knight shift at T = 300 K. Powder X-ray diffraction
analysis shows that the compound is comprised of almost
a single phase. For NMR measurements, the powder sam-
ple was aligned along the c-axis in an external field H0
of 16 T and fixed using stycast 1266 epoxy. The F-NMR
experiments were performed by a conventional spin-echo
method in the temperature (T ) range from 1.5 to 300 K
with H0 parallel to the c-axis, and the Cu-NMR experi-
ments were at zero-field.
In general, the Hamiltonian for Cu nuclear spin (I =
3/2) with an axial symmetry is described in terms of the
Zeeman interaction HZ due to a magnetic field H , and
the nuclear-quadrupole interaction HQ as follows:
H = HZ +HQ
= −γN~I ·H +
e2qQ
4I(2I − 1)
(3I2z′ − I(I + 1)),(1)
where γN is the Cu nuclear gyromagnetic ratio, eQ the
nuclear quadrupole moment, and eq the electric field gra-
dient at a Cu site. In HQ, the nuclear quadrupole reso-
nance (NQR) frequency is defined as νQ = e
2qQ/2h. In
non-magnetic substances, an NQR spectrum is observed
due to the second term in Eq. (1) when H = H0 = 0.
On the other hand, in magnetically ordered substances,
internal magnetic fields Hint is induced at Cu sites; in
addition to the second term, the first term in Eq. (1)
contributes to the nuclear hamiltonian even if H0 = 0 T.
Therefore, the Cu-NQR and the Cu-NMR at H0 = 0 (H
=Hint) can sensitively detect the onset of a magnetically
ordered state.
Figure 1(c) presents the Cu-NQR spectrum of a three-
layered compound Ba2Ca2Cu3O6(F,O)2 (0223F) with Tc
= 120 K. The respective NQR frequencies are 63νQ(IP)
= 10.7 MHz at IP and 63νQ(OP) = 15.5 MHz at OP,
which coincide with values observed in most multilay-
ered cuprates.30, 34, 35) This result assures that the com-
pound is a paramagnetic superconductor. By contrast,
a zero-field Cu-NMR spectrum of 0245F at T = 1.5 K
in Fig. 1(b) shows two peaks at around 30 MHz and 45
MHz, which are significantly larger than the NQR fre-
quencies in Fig. 1(c). According to Eq. (1), resonance
frequencies increase when Hint exists in association with
an onset of AFM order. The respective spectra around 30
MHz and 45 MHz are assigned to OP and IP, indicating
that Hint(OP) is smaller than Hint(IP). This is because
an AFMmoment in proportion toHint is small with dop-
ing. The obtained values Hint(OP) ∼ 2.8 T and Hint(IP)
∼ 4.1 T allow us to estimateMAFM (OP) ∼ 0.14 µB and
MAFM (IP) ∼ 0.20 µB, respectively. Here, we use the re-
lation of Hint = |Ahf |MAFM = |A−4B|MAFM , where A
and B are the on-site hyperfine field and the supertrans-
ferred hyperfine field, respectively. A ∼ 3.7 T/µB and
B(IP) ∼ 6.1 T/µB are assumed, which is typical values of
multilayered cuprates in underdoped regions.36, 37) Here,
note that there is no phase separation between magnetic
Fig. 2. (color online) 19F-NMR spectra for
Ba2Ca4Cu5O10(F,O)2 at various temperatures with H0
parallel to the c-axis. The solid lines are spectral simulations.
The dashed line indicates 19Kc = 0.
phases and SC phases in the present sample because no
NQR signal pointing to the presence of paramagnetic
SC phases is observed around frequencies marked by the
dashed lines in Fig. 1(b).
It is difficult to deduce the T dependences of
MAFM (OP) and MAFM (IP) in the AFM state from
the Cu-NQR or the zero-field Cu-NMR measurements
because of the extremely short nuclear spin relaxation
time at Cu sites. Instead, 19F-NMR is measured to
probe the T dependence of the internal field Hint(F)
at apical-F sites, which is induced by either MAFM (OP)
or MAFM (IP). Figure 2 shows the T dependence of
19F-
NMR spectra obtained by sweeping the frequencies at
H0 = 4.245 T parallel to the c-axis. A sharp spectrum
is observed with a single peak at T = 240 K, but the
spectrum splits into two peaks below T = 175 K.
Figure 3(a) presents the T dependence of resonance
frequency ω in 19F-NMR spectra, which is deduced
through spectral simulations shown by solid lines in
Fig. 2. The resonance frequency of 19F-NMR at H0 par-
allel to the c-axis is expressed by
ω ≃ 19γNH0 (1 +
19Kc)±
19γN |Hint,c(F)|, (2)
where Hint,c(F) is the component ofHint(F) along the c-
axis, 19γN the
19F nuclear gyromagnetic ratio, and 19Kc
the Knight shift. The plus (minus) sign of |Hint,c(F)| in
Eq. (2) corresponds to its parallel (antiparallel) compo-
nent along the c-axis and hence ∆ω in Fig. 3(c) is propor-
tional to 2×19γN |Hint,c(F)|. Upon cooling, its splitting
∆ω, shown in Fig. 3(c), increases due to the develop-
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Fig. 3. (color online) Temperature dependences of (a) the reso-
nance frequency ω of 19F-NMR and of (b) the Knight shift 19Kc.
The decrease in 19Kc below Tc = 52 K is mainly associated with
a SC diamagnetic shift. (c) Temperature dependence of splitting
of two peaks ∆ω in 19F-NMR spectra. The spectra split into
two below TN = 175 K due to the Hint at apical-F sites. (d)
Temperature dependence of nuclear spin-lattice relaxation rate
1/19T1. The peak in 1/19T1 at TN = 175 K is associated with
the critical slowing down of spin fluctuations at the IP and the
OP.
ment of Hint(F) in proportion to MAFM (OP,IP) below
the Ne´el temperature TN = 175 K. The onset of the AFM
order at TN = 175 K is also corroborated by the peak in
the nuclear spin-lattice relaxation rate 1/19T1 as shown
in Fig. 3(d).
Next, we deal with the T dependence ofHint(F) shown
in Fig. 4(a). If a direction of MAFM were in the basal
planes with a wave vector Q = (pi,pi), as denoted in
Fig. 4(b), Hint,c(F) could be cancelled out at the apical-
F site; the F ions are located at a magnetically symmet-
ric position. Therefore, the presence of Hint,c(F) points
to the fact that MAFM is presumably directed out of
the planes. This out-of-plane canting of the spin direc-
tion, which has been reported for La2CuO4
38–41) or bi-
layered TlBa2YCu2O7,
42) was interpreted in terms of
the Dzyaloshinsky-Moriya (DM) type of anisotropic ex-
change interaction. Generally, the DM interaction is in-
duced by the spin-orbit interaction, when a middle point
between two spins is not an inversion center.43, 44) In the
case of 0245F, the Cu site at OP is located with the
out-of-plane distance of ∼ 0.015 A˚, which breaks the in-
version symmetry at the middle point of the two spins
on OP. Accordingly, Hint,c(F) is induced by the out-of-
Fig. 4. (color online) (a) Temperature dependence of |Hint,c(F)|
estimated from ∆ω = 2×19γN |Hint,c(F)|. Note that
MAFM(OP) is proportional to |Hint,c(F)| (see text). The
solid line is Hint,c(F)∝ MAFM = MAFM (0)(1 − T/TN )
0.5,
which is in good agreement with the experiment down to
Tc = 52 K. (b) Illustration of ground state property of
Ba2Ca4Cu5O10(F,O)2 with Tc = 52 K and TN = 175 K.
plane canting of MAFM (OP) due to the DM interaction.
On the other hand, MAFM (IP) is expected to be in the
planes because of the square oxygen coordination with-
out apical site. As a result, Hint,c(F) is concluded to be
produced only by MAFM (OP), not by MAFM (IP)
As for the origin of the internal magnetic field at
apical sites, it was reported that the dominant con-
tribution is not a classical dipole field but a trans-
ferred hyperfine field from the nearest neighboring Cu
spins.45) When using the transferred hyperfine coupling
constant between the plane Cu spin and the apical oxy-
gen nuclear in Tl2Ba2CuOy,
45) the canting angle is esti-
mated to be as small as a few degrees. In order to shed
light on the T evolution of MAFM (T ), the solid line in
Fig. 4(a) displays a variation ofHint,c(F) ∝MAFM (T ) =
MAFM (0)(1−T/TN)
0.5, which is in good agreement with
the experiment down to Tc = 52 K. This power-law vari-
ation ofMAFM (T ) in the AFM state down to Tc = 52 K
coincides with those for slightly-doped LSCO compounds
that exhibit AFM ground states.46) Here, we note that
Hint,c(F) shows an additional increase as T falls below
Tc; the increase in Hint,c(F) below Tc convinces one that
the onset of a SC order parameter is actually coupled
with MAFM (OP) in the SC-AFM coexisting state.
Finally, we deal with the SC properties in 0245F. The
T dependence of the Knight shift 19Kc is displayed in
Fig. 3(b), where 19Kc below TN = 175 K is estimated
as the average value of the two peaks, being T indepen-
dent down to Tc = 52 K. Usually in cuprates, the spin-
components of the Knight shift start to decrease upon
cooling far from above Tc, which is due to the opening of
pseudogaps.47) The reason that 19Kc is T -independent
above Tc is that the spin component in
19Kc is small
owing to the small hyperfine coupling between 19F and
Cu-3d spins as reported in the literature.45) By contrast,
19Kc markedly decreases due to the appearance of SC
diamagnetism below Tc = 52 K. The reduction of
19Kc,
which is in association with the onset of HTSC, takes
place under the background of the AFM order, provid-
ing firm evidence for the uniform coexisting state of AFM
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and SC at a microscopic level. It is likely that the onset of
HTSC with a d-wave symmetry with spin-singlet pairing
decreases the size of MAFM (OP) due to the formation
of coherent spin-singlet states over the sample, so that
the additional increase in Hint,c(F) below Tc may not be
due to an increase of MAFM (OP) but an increase of the
out-of-plane canting angle in the SC mixed state. In any
case, this finding is the first in the HTSC phenomena to
demonstrate an intimate coupling between the SC order
parameter and MAFM .
In summary, we have reported 19F-NMR and zero-
field Cu-NMR measurements on the underdoped five-
layered cuprate Ba2Ca4Cu5O10(F,O)2 with Tc = 52 K.
The ground-state property is schematically shown in
Fig. 4(b). The present NMR studies have provided firm
evidence for the AFM order taking place below TN = 175
K with respective AFM moments of 0.14 and 0.20 µB at
outer and inner CuO2 layers, showing the uniform mixing
with the SC order parameter below Tc = 52 K. We have
highlighted the fact that an intimate coupling emerges
between the AFM state and the SC order parameter be-
low Tc = 52 K. The onset of SC order parameter leads to
an evolution of the spin alignment in the AFM-SC mixed
state, resulting in the increase of the internal field along
the c-axis at apical F sites. Further detailed experiments
on single crystals are required to clarify the significant
change in a spin structure in going from an AFM state
to the SC-AFM mixed state.
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